To highlight the fact that these three cortical domains are 1A-1C) and at the lateral cortex during the migration of the oocyte nucleus (transition from stage 7 to stage 8, spatially separated and functionally distinct, we will refer to them as cortical compartments. Figure 1B ). After stage 9 ( Figure 1C ), GFP-Dmn stays enriched along the lateral cortex and is also concenHere, we present data on the role of two motor proteins, the minus end-directed cytoplasmic Dynein and trated at the posterior pole of the oocyte (note that MTs surround the nucleus in a similar way to GFP-Dmn, see the plus end-directed Kinesin I (conventional Kinesin), in the localization of cytoplasmic determinants in the Figures 1K and 1L ). This GFP-Dmn distribution during mid-oogenesis is similar to that observed for Dhc, for oocyte. The Kinesin heavy chain (Khc) is the force-generating subunit of Kinesin I, which is a heterotetramer the Dynactin subunit Glued, and also for Bic-D [35, 41] . Dmn is also perinuclear during the first cleavages in the composed of two Khc molecules and two Kinesin light chains (Klc) that bind cargo (for a review, see [2] ). In the early embryo [42] . We reasoned that Dmn overexpression in the oocyte Drosophila oocyte, Khc is reported to be specific for transport toward the posterior pole [26] .
after the first stages of oogenesis should enable us to investigate the role of Dynein during the repolarization Cytoplasmic Dynein is, like Kinesin, a multisubunit complex [1]. All cellular functions of cytoplasmic Dynein of the oocyte at mid-oogenesis. We used the UAS/GAL4 system [43] to express GFP-Dmn (UASGFPdDmn) at a depend on interaction with the Dynactin complex, which includes p150 Glued , p50 Dynamitin (Dmn), and Lismoderate level with the nosGal4VP16 driver line. The localization pattern is similar to that observed for sencephaly-1 (Lis-1). Lis-1 is involved in linking Dynein to its cargo and in improving motor processivity (for tubGFPDmn ( Figure 1D versus Figure 1C ). In order to overexpress Dmn in the oocyte, without interfering with reviews, see [ 
27-30] and [31]). In Drosophila embryos, it has been reported that apical transport is mediated by
Dynein function during oocyte determination in the germarium, we used a Gal4 driver that starts to be active Dynein together with Bicaudal D (Bic-D) and Egalitarian (Egl), which appear to function as core components of at stage 4 (␣tubGal4, Figure S2 ).
The overexpression of UASGFPdDmn by using this a selective Dynein motor complex [32]. This same complex seems to govern early nurse cell-to-oocyte transdriver leads to high uniform levels of GFP-Dmn in the oocyte and causes a mislocalization of the oocyte nuport of many mRNAs, including bcd and grk [32].
Null alleles for dynein heavy chain (Dhc64C) and cleus, indicating that Dynactin function is impaired (Figure 1F) . Moreover, both perinuclear and posterior Bic-D-Lissencephaly-1 (Lis-1) arrest oogenesis prematurely [33, 34]. Thus, oocyte polarization during mid-oogenesis D-GFP distributions are also abolished when Dmn is overexpressed (data not shown). has only been studied with hypomorphic alleles. The viable dhc64C allelic combination abolishes p150 Glued Dmn, when overexpressed in the oocyte, gives rise to unfertilized eggs with abnormal dorsoventral polarity. localization around the nucleus and at the posterior of the oocyte but has no effect on polarizing the oocyte The defects ranged from fused appendages to complete loss of appendages and cup-shaped eggs ( Figure S2C Figure S2C ). An increase in the complex, we studied the phenotypes of a loss-of-funcproportion of severe egg phenotypes is achieved either tion mutation of Drosophila Dmn (see the Supplementary by raising the temperature or by lowering the levels of Material available with this article online). During early Lis-1. These results indicate that Dmn overexpression oogenesis, in the germarium, Dmn is required for oocyte specifically disrupts the Dynactin complex in the oocyte. specification (see Figure S1 in nucleus correctly. The nucleus migrates to the anterior to-posterior gradient, which can be visualized by using a Tau-GFP fusion protein, during stage 8 and stage 9 pole but, at stage 9, it leaves the anterior cortex ( Figure  1F ) and also detaches from the lateral cortex ( Figure 1I ).
[43] ( Figure 1K ). In oocytes overexpressing Dmn, the overall distribution of Tau-GFP is preserved ( Figure 1M ) This indicates that nuclear anchoring to the anterior cortex depends on Dynein. This anchoring mechanism even though MTs seem more bundled in the center of the oocyte. This indicates that, globally, MTs are still is different from that impaired by the cnc mutation, in which the anteriorly detached nucleus still anchors at organized in an A-P gradient as in wild-type oocytes. However, we observed that the MT scaffold surrounding the lateral cortex [20] .
In the wild-type oocyte, MT integrity is essential for the nucleus disappears. A similar result has been observed after overexpression of Lis-1 in Human cos-7 nuclear positioning [17] . A scaffold of MTs surrounds the nucleus [6] ( Figure 1K ). This MT cage persists when cell [47] . In addition, the reduction of Lis-1 levels in mouse embryonic fibroblasts derived from Lis-1 mutant nuclear migration is abolished in grk mutant oocytes ( Figure 1L ) and also when the nucleus is mislocalized mice leads to a higher MT density around the nucleus [47] . These results indicate that the Dynactin comin cnc [20] or khc mutant oocytes (see below). These observations suggest that the nucleus, or its direct surplex is required for the proper organization of perinuclear MTs. roundings, has the capacity to organize a MT scaffold. We speculated that this scaffold might take part in nuSince the nucleus is mispositioned in Dmn-overexpressing oocytes and the perinuclear MT scaffold is clear anchoring. We therefore examined whether MT organization is disrupted when Dmn is overexpressed. disrupted, the MT cage might be important for nuclear anchoring to the cortex. To address this point, we anaIn wild-type oocytes, MTs are organized in an anterior-lyzed egg chambers from flies fed with colchicine, which depolymerizes MTs ( Figure 1G ). Under these conditions, the nucleus is no longer attached to the cortex ( Figure  1J ). This indicates that MTs are required not only for nuclear migration to the anterior pole but also for anchoring the nucleus to the cortex [6].
To determine the influence of MTs on Dmn distribution, we compared tubdGFPDmn-expressing oocytes with or without colchicine treatment. Interestingly, the perinuclear Dmn distribution observed in wild-type oocytes ( Figure 1C Females in which Dmn is overexpressed produce eggs with defects in dorsoventral polarity ( Figure S2 ). These osk mRNA is translated in oocytes overexpressing Dmn ( Figure 2E ). Since correct osk mRNA localization is a defects might be entirely due to a mislocalization of Grk resulting from the mispositioned oocyte nucleus. prerequisite for its translation, we suggest that osk localization is essentially normal when Dynein function is Alternatively, Dynein might play a separate role in grk mRNA or Grk protein localization. In wild-type egg impaired. In contrast to osk, the anterior determinant bcd is not correctly localized after Dmn overexpression. chambers, grk mRNA accumulates transiently along the oocyte anterior margin, just after completion of nuclear In wild-type stage-9 oocytes, bcd accumulates in an anterior ring ( Figure 2F ), whereas it is diffusely spread in migration (the transition from stage 7 to stage 8; Figure  3A ). Shortly after, grk mRNA is only detected around the oocyte after Dmn overexpression ( Figure 2G ). Thus, although bcd mRNA enters the oocyte from the nurse the nucleus ( Figure 3B ). In oocytes overexpressing Dmn, grk mRNA persists along the anterior margin after stage cells, its localization to the anterior cortex of the oocyte Therefore, we analyzed the positioning of the nucleus in khc mutant oocytes. In the three new alleles and also in the previously described khc 27 allele (shown to be required for osk mRNA transport [26]), the correct positioning of the nucleus is impaired (Figures 4E-4G) . The nucleus migrates correctly to the anterior cortex during the transition from stage 7 to stage 8. However, in about 50% of the stage-9 oocytes, the nucleus does not maintain its anterior position, indicating that the anterior anchoring process depends on Khc. After anterior detach- Since grk mRNA is mislocalized along the anterior In khc 27 mutant egg chambers, we observed that Dhc is not localized at the posterior but accumulates at the margin but the khc mutant eggs are ventralized, we examined Grk distribution. In a minority of cases, grk is anterior pole (Figure 5L ). This ectopic anterior localization of Dynein may be due to a failure in a recycling not translated (30%, n ϭ 164). When grk is translated, Grk is frequently dispersed throughout the whole oocyte process toward the posterior pole, which is mediated by Kinesin. with a completely different profile than that observed for grk mRNA (42%, n ϭ 164; Figure 5I versus Figure  5G ). Moreover, Grk particles fail to reach the plasma Discussion membrane (Figures 5I-5J is delocalized in oocytes overexpressing Dmn ( Figure  Transport and anchorage processes, especially, to the 2G) provides further support for this suggestion. anterior and anterodorsal compartments require both Surprisingly, we observe that, in khc mutant oocytes, motor activities ( Figure 6, steps 2, 3, 5, and 7) . Here, we bcd mRNA is not tightly concentrated to the anterior focus our discussion on transport and anchorage to the cortex but is diffusely spread out in a wide cortical ring cortical compartments within the oocyte. that expands toward the posterior (Figures 4M-4O) . Thus, correct bcd localization depends not only on minus end-directed, but also on plus end-directed, motors.
Note that the delocalized oocyte nucleus is surrounded by MTs (arrowhead). (G and H) khc 7.288 mutant stage-10 egg chambers expressing Stau-GFP (green) stained for DNA (red) and F-actin (blue). (G) The oocyte nucleus is not anchored to the anterior cortex (opposing arrowheads, plane for cross-section in [H]). (H) Optical cross-section of (G). The anteriorly detached oocyte nucleus stays attached to the lateral cortex. (I) khc

The Establishment of the Anterior and Posterior
Kinesin I might be directly involved in anchoring of bcd Cortical Compartment mRNA to the anterior cortex. Alternatively, Kinesin I The localization of bcd mRNA in the oocyte occurs in might be required for efficient Dynein-dependent transmultiple steps. Several of these involve active transport port of bcd. Our observation that Dynein is mislocalized along microtubules (for a review, see [4] ). bcd mRNA in khc mutant oocytes supports the latter hypothesis. coassembles into particles with Exuperantia (Exu) in the Dhc fails to accumulate at the posterior pole of khc nurse cells and in the oocyte. This complex is essential mutant oocytes and instead is enriched at the anterior for the correct localization of bcd to the anterior cortex cortex. Thus, Kinesin I appears to be necessary to reloin a microtubule-dependent manner [8, 50]. During midcate Dynein to the posterior pole after it has moved oogenesis, bcd maintenance at the anterior cortex is together with its cargo to the anterior pole. This would dependent on Swallow (Swa) [15, 16] . This protein harallow for renewed rounds of cargo loading and transport bors a putative double-strand-RNA binding motif [51] to the anterior cortex. Without sustained posterior-toand a coiled-coil domain, which interacts with the Dyanterior transport, the bcd mRNA/adaptor complexes nein light chain (Dlc-1) [49] . Swa has been proposed to might become delocalized by diffusion. This scenario act as an adaptor between bcd mRNA and the Dynein indicates that sustained transport could be an alternamotor [49] . Swa itself localizes to the anterior cortex of stage-10 oocytes, and this localization requires the tive to an independent anchorage step.
like bcd mRNA localization, we assume that it requires Dynein and suggest that, in the Dmn overexpression experiment, residual Dynein function is present at early stages, which allows nuclear migration. While the question of migration needs further analysis, both motors are clearly required for nuclear anchorage. Impairment of Dynein leads to nuclear detachment from both the anterior and lateral cortex. Kinesin I, however, is only required for maintaining the nucleus at the anterior cortex. The fact that both anchoring processes fail when Dmn is overexpressed indicates that Dynein fulfils a complex function in nuclear positioning. Two DyneinDynactin pools are present in the oocyte: the posterior pool, which is microtubule dependent and maintained by Kinesin I-dependent transport, and the perinuclear in the motion of lipid droplets in the Drosophila embryo [59] . In the opposition mode, the two motors produce
